Introduction

57
Sensory maps are a defining feature of cortical sensory areas, and may enable efficient local network 58 computations (Chklovskii and Koulakov, 2004) . In rodents, maps in L2/3 of primary sensory cortex 59 exhibit strong tuning heterogeneity between nearby neurons, superimposed on smooth global 60 topography (Andermann et al., 2013; Bonin et al., 2011; Kanold et al., 2014; Ohki et al., 2005) . In these 61 salt-and-pepper maps, discrete functional column boundaries are lacking and the neural ensemble 62 activated by a single sensory feature is spatially dispersed, though synaptically linked (Harris and Mrsic-63 Flogel, 2013) . The origins and function of such dispersed maps are unclear. L2/3 maps are also robustly 64 plastic to sensory experience (Buonomano and Merzenich, 1998; Feldman and Brecht, 2005;  65 LeMessurier and Feldman, 2018) . Appropriate sensory experience is often required for development of 66 normal map topography (Katz and Shatz, 1996) , raising the question of whether dispersed, salt-and-
67
pepper maps are a natural feature of L2/3, or may reflect incomplete activity-dependent development 68 due to impoverished sensory experience in rodent laboratory housing.
70
Sensory experience may be particularly relevant for development of whisker map somatotopy in rodent 71 S1. Whiskers are tactile sensors represented in S1 by a topographic array of cortical columns, each 72 centered on a L4 barrel. In the classical whisker map, inferred from single-unit recordings, nearly all 73 neurons are tuned for their column's anatomically corresponding whisker (CW). However, recent studies 74 using cellular-resolution population calcium imaging in L2/3 reveal intermixed tuning in each column, 75 with neurons tuned heterogeneously for either the CW or a surround whisker (SW). While average 76 tuning within each column is topographically correct, deflection of one whisker activates a dispersed set 77 of L2/3 neurons spread across multiple columns without discrete functional column borders (Clancy et 78 al., 2015; Sato et al., 2007) . This globally smooth but locally scattered representation resembles salt-trials (Fig. 1A-C) . 50-70 repetitions of each whisker stimulus were randomly interleaved. Regions of 117 interest (ROI) corresponding to GCaMP6-expressing somata were considered significantly whisker-118 responsive if the distribution of whisker-evoked ΔF/F (in a 1-sec window after whisker deflection) was 119 greater than blank trials (permutation test, α = 0.05 corrected for 9 whiskers, see Methods). Analyses 120 were restricted to whisker-responsive ROIs. Each cell's receptive field was quantified from median 121 whisker-evoked ΔF/F, and its best whisker (BW) was defined as that evoking the strongest median 122 response. Three example cells from one imaging field are shown in Fig. 1D . Imaged neurons were 123 localized post-hoc relative to L4 barrel column centers and boundaries using histological staining and 124 alignment by surface blood vessels (Fig. 1E , see Methods). We confirmed that GCaMP6s-based receptive 125 fields were similar to spiking-based receptive fields by performing simultaneous juxtacellular spike 126 recording and GCaMP6s imaging in 11 L2/3 neurons. Receptive fields assessed by spike counts (0-100 ms 127 after each whisker deflection) were highly similar to those based on ΔF/F for 10/11 neurons, and yielded 128 the same BW for 8/11 cells (Fig. 1F) .
130
In L2/3, we quantified salt-and-pepper organization selectively among PYR cells, which has not been 131 done previously (Clancy et al., 2015; Sato et al., 2007) , by imaging in Drd3-Cre mice. In normally housed 132 (NH) mice (age: P56 ± 11), 47.6% of L2/3 ROIs were responsive to at least one whisker. BW tuning was 133 heterogeneous in individual columns. To quantify this, we calculated the fraction of cells tuned to a 134 given whisker within spatial bins relative to the center of that whisker's anatomical column. In L2/3, 135 49 .5% (50/101) of cells located in the central bin of a column (0-91 µm) were tuned for that column's 136 whisker (i.e., the CW was the cell's BW). This fraction fell off gradually with cortical distance to 26.3% at 137 182-273 µm and 2.6% at 455-546 µm ( Fig. 2A-B ). This distribution is broad compared to mean 138 anatomical column radius (147 ± 11 µm). Because of statistical uncertainty in identifying the BW from 139 the limited stimulus repetitions, we also identified all whiskers that evoked a mean ΔF/F that was 140 statistically indistinguishable from the BW (see Methods). These were termed equal best whiskers 141 (EBWs) . In L2/3, 62.4% (63/101) of cells at the center of a column had the CW as an EBW. This fell off 142 gradually to 48.6% at 182-273 µm and 14.1% (77/545 cells) at 455-546 µm from column center ( Fig. 2C- 
D)
. Thus, in NH mice L2/3 PYR cells tuned for a given whisker were organized in a dispersed, salt-and-
144
pepper fashion, consistent with prior results (Sato et al., 2007; Clancy et al., 2015) .
146
In L4, the column-specific termination of thalamic axons and prior physiology suggests a more precise 147 whisker map (Andrew Hires et al., 2015; Simons, 1978) . To test this, we imaged L4 excitatory neurons in 148 Scnn1a-Cre mice. In NH mice, 60.3% of L4 ROIs were whisker-responsive. At the center of a barrel (0-91 149 um), 61.9% of cells (39/63) were tuned for the CW, and 73% (46/63) had the CW as an EBW. This 150 precision is not different from L2/3 (p=0.15, Fisher's Exact Test). But tuning fell off ~30% more sharply 151 with distance in L4 than in L2/3, both for absolute BW and for EBW ( Fig. 2B & D) . Thus, at 182-273 µm 152 from the column center, just 12% of L4 cells were tuned to CW (p=0.0001 vs. L2/3, Fisher's exact test), 153 and just 24.6% had the CW as an EBW (p=0, Fisher's Exact Test). Thus, L4 exhibits more spatial map 154 precision than L2/3.
156
Enrichment decreases tuning heterogeneity in the salt-and-pepper map
157
To study effects of enrichment, littermates were separated into enriched (EN) and NH cohorts at 158 weaning (P21). EN mice were housed with 2-3 littermates with tactile toys of varying material, textures, 159 and geometry that were exchanged every 2-3 days to encourage exploration (Fig. 1A) 
165
Fisher's Exact Test). While tuning precision was higher for several bins near the column center, it was 166 not affected >172 µm from the column center (Fig. 3A) . When all cells located within column boundaries 167 are considered together (irrespective of distance to center), 77.1% (468/607) of whisker-responsive cells 168 in EN mice had the CW as an EBW, compared to 65.1% (224/344) in NH (p=0.00008). Thus, enrichment 169 increased L2/3 map precision, but did not abolish salt-and-pepper tuning. We define the tuning 170 ensemble for one whisker as the set of cells with equivalent best tuning to that whisker. In NH mice, the 171 tuning ensemble in L2/3 was dispersed across columns. EN increased the density of the tuning ensemble 172 at its center (within the reference whisker's home column), but did not alter its overall spread (Fig. 3C) .
174
Enrichment also decreased tuning heterogeneity in L4. In EN mice, 92.2% (71/77) of cells at column 175 centers (0-91 µm) had the CW as an EBW, which is greater than the 73% in NH mice (p=0.0028). This effect was confined to this one bin at the column center (Fig. 3B) NH (p=0.0086) . Like in L2/3, this increased the density of L4 tuning ensembles at their centers (Fig. 3C) .
179
Thus, despite the expectation that L4 is less plastic than L2/3 (Feldman and Brecht, 2005; Glazewski and 180 Fox, 1996) , enrichment also increased tuning precision in L4.
182
Enrichment sharpens whisker receptive fields
183
Enrichment sharpened L2/3 whisker receptive fields. Whisker responses in each cell were normalized to 184 baseline (blank trial) activity, rank-ordered to quantify tuning sharpness independent of somatotopic 185 shape or precision, and then averaged across cells. In L2/3, EN cells had greater responses to the 186 strongest 3 whiskers, and weaker responses to the weakest 4 whiskers, than NH cells (Fig. 4A) . EN 187 specifically increased both CW response and the best 2 SW responses ( Fig. 4B ) In addition to these 188 changes in tuning shape, EN also decreased spontaneous (blank trial) activity relative to NH (Fig. 4C) , t-test for difference in slopes). Sharpening of tuning was more prominent for L2/3 194 cells located over L4 barrels than for those located over L4 septa (Fig. 4E) . Because a low fraction of 195 imaged cells were located over septa (Fig. 4F) Fig. 4A-B) . Spontaneous activity was unaffected (Fig. 4C) . Thus, EN sharpened L4 receptive 201 fields around the CW by weakening all but CW responses, on average. These results differ from adult 202 enrichment in rats, which shrinks whisker receptive fields in L2/3, but not L4 (Polley et al., 2004) .
204
Enrichment sharpens the point representation of a single whisker in L2/3, but not L4
205
To assess whisker map topography we measured the point representation, i.e. the spatial profile of 206 activity in S1 evoked by deflection of a single whisker. We quantified the point representation of a 207 reference whisker as evoked ΔF/F relative to baseline, averaged across all whisker-responsive cells, as a 208 function of distance from that whisker's column center. In L2/3 of NH mice, the point representation 209 was centered on the reference whisker's anatomical column, and fell off gradually over several columns' 210 distance. EN mice showed an elevated mean response at the reference column center (0-91 µm: NH: 211 0.36 ± 0.03, EN: 0.47 ± 0.02) and for all spatial bins up to 364 µm (p<0.0002), which includes immediate 212 neighboring columns. The more distant tail of the point representation was unchanged (Fig. 5A) . These 213 effects were also apparent in 2D maps in which ROIs were spatially binned along axes aligned to the 214 reference column center (Fig. 5B) . This is consistent with EN strengthening of both CW responses and 215 the strongest SW responses in L2/3 receptive fields (Fig. 4) .
217
In L4, mean evoked responses were stronger in the reference column center (0.62 ± 0.08 for the 0-62 218 µm bin), and fell off more sharply with distance than in L2/3. Slightly smaller distance bins were used, 219 due to the spatial sampling of neurons in L4. EN did not change the peak or spatial profile of the point 220 representation in L4 (Fig. 5C-D) . Thus, enrichment sharpened the point representation in L2/3, but not 221 L4, by augmenting responses in and just around the reference whisker's home column.
223
Enrichment strengthens functional column boundaries in L2/3
224
Prior imaging studies detected a global tuning gradient in L2/3 of S1 but no functional boundaries at 225 anatomical column edges (Kerr et al., 2007; Sato et al., 2007) . To test whether enrichment drives 226 emergence of functional boundaries, we first examined tuning similarity (signal correlation) between 227 pairs of simultaneously imaged L2/3 neurons. In NH mice, mean signal correlation for neuron pairs fell 228 off modestly with intersoma distance, and was slightly higher for within-column pairs than across-229 column pairs. For closely spaced pairs (<150 µm apart) signal correlation was only modestly higher for 230 within-column pairs than across-column pairs (0.652 ± 0.005vs. 0.611 ± 0.007, p<0.0001, permutation 231 test of difference in means), reflecting the lack of functional column boundaries (Fig. 6A) . In EN mice, 232 mean signal correlation for within-column pairs was modestly increased (NH: 0.637 ± 0.004, EN: 0.659 ± 233 0.002; includes pairs at all distances; p<0.0001, permutation test), while signal correlation for across-234 column pairs was greatly reduced (NH: 0.541 ± 0.004, EN: 0.425 ± 0.004; p<0.0001) (Fig. 6A, C) .
than for similarly spaced within-column pairs (0.674 ± 0.003 vs. 0.529 ± 0.006, p<0.0001) (Fig. 6A) Fig. 6E-F ). This generated a 254 stronger gradient of signal-and noise-correlation in L2/3 at the reference column edge (Fig. 6G-H) .
256
In L4, EN generally increased correlations between co-columnar neurons (Fig. 7) . This was true for both 
265
and degrees of correction. Above, we applied no neuropil correction in L2/3, because Drd3-Cre mice had 266 relatively low neuropil signal, reflecting GCaMP6s expression in only ~50% of L2/3 PYR cells. We did 267 apply neuropil correction in L4 (at weight r=0.3, see Methods), because Scnn1a-Cre drove denser GCaMP6s expression, and imaging deeper in cortex required higher laser power, which could increase 269 out-of-focus fluorescence above the imaging plane. To confirm that the major effects of the study were 270 robust to different levels of neuropil correction, we applied neuropil subtraction in both L2/3 and L4 at 3 271 weights (r=0, r=0.3, r=0.7, see Methods) (Fig. S3) . Enrichment effects on tuning heterogeneity (Fig. 3) 
272
and point representation (Fig. 5) were qualitatively unchanged across these levels of neuropil 273 subtraction in both L2/3 and L4 (Fig. S3A-D) . The highest level of subtraction (r=0.7) has been used in 274 several prior studies (Chen et al., 2013) but here appeared to cause overcorrection for most ROIs in both 275 L2/3 and L4, and drastically reduced the number of ROIs that were whisker-responsive. Effects of 276 enrichment on signal correlations were conserved for r=0 and r=0.3, but were lost for r=0.7, perhaps 277 because fewer cells could be analyzed (only responsive cells were analyzed). Effects of enrichment on 278 noise correlations persisted across all neuropil subtraction levels ( Fig. S3E-F (Fig. 8A-C) .
295
To test how detection performance varied with columnar topography, we quantified population 296 decoding accuracy for detection of a reference whisker by spatially clustered neural ensembles (N=2-30 297 neurons) centered at varying distances from the reference whisker's anatomical column. Spatially 298 clustered, rather than randomly dispersed, ensembles were selected in each imaging field (see 299 Methods). Mean detection performance (on average across the population sizes) was greatest for 300 ensembles centered near the whisker column center, and fell off with distance. EN decoders 301 outperformed NH decoders for ensembles centered at 0-77 µm and 77-154 µm from a column center 302 (p=2 * 10 −6 ,2-way ANOVA), which are within an average column radius (Fig. 8D) 
315
Classifier probabilities were summed across all ROIs in the ensemble, and the whisker with the highest 316 probability was taken as the population prediction. We asked how well each ensemble discriminated 317 each of its columnar whiskers from immediate adjacent whiskers, and from distant surround whiskers.
318
Discrimination performance improved with ensemble size. EN increased the ability of populations to 319 discriminate CWs from distant whiskers, but reduced their ability to discriminate CWs from adjacent 320 whiskers ( Fig. 7G-H ). This bimodal effect on discrimination performance parallels the finding that EN 321 strengthens multiple whisker responses at receptive field centers, but weakens receptive field edges, 322 which sharpens the overall receptive field (Fig. 4) . Thus, receptive field reorganization by enrichment is 323 sufficient to predict corresponding changes in single-trial whisker discrimination. 
362
We found that enrichment decreased tuning heterogeneity in column centers and sharpened 363 whisker receptive fields (Figs. 3-4 ). These changes took place both in L2/3, which is well known for 364 robust experience-dependent plasticity, and also in L4, which retains some plasticity in adults ( columns, but strongly decreased across columns, even for neurons ~100 µm apart (Fig. 6) whisker column, but worsened detection by ensembles in neighboring columns (Fig. 8D) at 37° C. The skull was cleaned and a stainless steel head-holder containing a 5-mm aperture was affixed 613 to the skull with dental cement. Intrinsic signal imaging (ISOI) was performed through the intact skull to 614 localize D1, D2 and D3 columns in S1 (Drew & Feldman, 2008) , and a 3-mm craniotomy was made over 615 the D2 column. A Cre-dependent GCaMP viral vector was injected at three nearby sites, at two depths 616 each. For L2/3, we used AAV1-Syn-Flex-GCaMP6S-WPRE, injected at ~200 and ~300 µm below the dura.
617
For L4, we used AAV9-CAG-Flex-GCaMP6s-WPRE, injected ~350 and ~450 µm below the dura. Viruses 
646
After imaging was complete, the mouse was perfused with 4% paraformaldehyde, and the brain 647 was removed, flattened, and sectioned at 50 µm parallel to the cortical surface. Sections were 648 processed for cytochrome oxidase to reveal the barrels in L4. Imaged neurons were localized relative to 649 barrel column boundaries by alignment using surface blood vessels and Z-stacks of GCaMP expression 650 collected during the imaging sessions, as well as by fiducial marks at the pial surface created by high-651 power laser scanning after imaging was complete. We used a custom MATLAB program to localize the centroids of the 9 anatomical barrels that corresponded to the stimulated whiskers, and to calculate the 653 X-Y coordinate of each ROI relative to these centroids.
655
Cell-attached recording
656
For simultaneous imaging and cell attached recordings, we injected a non-Cre-dependent GCaMP6s 657 virus (AAV1-Syn-Flex-GCaMP6S-WPRE) at ~200 and ~300 µm below the dura at one stereotaxic location 658 in S1. After allowing ~3 weeks for expression, a 2-mm diameter craniotomy was made over S1, as 659 described for imaging experiments. Anesthesia and recording conditions were as described for imaging.
660
We recorded juxtacellularly from GCaMP6s-expressing L2/3 neurons under 2-photon guidance using a 
668
Analysis
669
All data analysis was conducted in MATLAB using custom-written routines unless otherwise noted.
671
Image processing and ROIs
672
Imaging movies were corrected for slow XY motion in Matlab using dftregistration (Guizar-Sicairos et al., 
691
ΔF/F on whisker stimulus trials was significantly greater than that on blank trials. This was computed 692 using a permutation test: for each whisker, a vector of mean ΔF/F for each stimulus iteration was 693 combined with mean ΔF/F for each blank trial (using the same frames as for measuring evoked activity).
694
The combined distribution of means was split into two groups, and the difference in means of the two 695 groups was measured. This was repeated 10,000 times, and the actual difference between the stimulus 696 and blank distributions was compared to the distribution of permuted differences in means. A 697 difference was considered significant if it was greater than the 95 th percentile of the permuted directly overlaid within this reference frame (Fig. 3E) . Alternatively, individually ROIs were spatially 713 binned using k-means clustering so that each bin contained the same number of ROIs, average response strength or tuning was computed for each bin, and the result was displayed as a Voronoi plot with each 715 polygon representing a spatial bin (Fig. 5D, Fig. 6F-G 
761
The detection decoder was constructed identically to the discrimination decoder, except that logistic 762 763 functions were trained to discriminate one whisker from spontaneous activity, rather than one whisker vs. all other whiskers. 
